In spite of numerous habitat restoration programs in fresh waters with an aggregate annual funding of millions of dollars, many populations of Pacific salmon remain significantly imperiled. Habitat restoration strategies that address limited environmental attributes and partial salmon life-history requirements or approaches that attempt to force aquatic habitat to conform to idealized but ecologically unsustainable conditions may partly explain this lack of response. Natural watershed processes generate highly variable environmental conditions and population responses, i.e., multiple life histories, that are often not considered in restoration. Examples from several locations underscore the importance of natural variability to the resilience of Pacific salmon. The implication is that habitat restoration efforts will be more likely to foster salmon resilience if they consider processes that generate and maintain natural variability in fresh water. We identify three specific criteria for management based on natural variability: the capacity of aquatic habitat to recover from disturbance, a range ofhabitats distributed across stream networks through time sufficient to fulfill the requirements of diverse salmon life histories, and ecological connectivity. In light of these considerations, we discuss current threats to habitat resilience and describe how regulatory and restoration approaches can be modified to better incorporate natural variability.
INTRODUCTION
significantly imperiled. Two decades after the first distinct population segments of salmon, i.e., The imperilment of many salmon populations is evolutionarily significant units or ESUs, were listed attributed, in large part, to loss offreshwater habitat.
in the United States as Threatened or Endangered Along the Pacific coast of North America, lost or under the Endangered Species Act, and similarly in degraded freshwater habitat is identified as a Canada under the Species at Risk Act, none has primary contributor to salmon decline more often recovered sufficiently to be removed from these than any other potential problem, e.g., dams, lists, and declines continue in many. hatcheries, or overfishing (Nehlsen et al. 1991 , National Research Council 1996 . Whether habitat
The current state of Pacific salmon recovery is more important than other factors depends on the prompts a simple question: What's missing from species and location in question (e.g., Augerot current habitat restoration strategies that could help 2005); however, there is broad consensus within the promote resilience? There is no simple answer to scientific community that the recovery of at-risk this question. We can identify elements missing salmon cannot be achieved without protecting from management approaches in fresh water that currently productive freshwater habitat, maintaining appear inconsistent with current ideas about watershed processes, and restoring those aquatic resilience, but identifying and implementing more ecosystems that have been damaged by human effective management actions is a daunting activity (Knudsen et al. 2000 , Lackey et al. 2006 Other papers in this special feature offer Williams 2006) . In spite of this widely held belief perspectives on areas in which there are consensus and the existence of numerous habitat restoration and conflict in defining resilience and its role in programs with aggregate annual funding of millions management of Pacific salmon (e.g., Healey 2009 , of dollars, many populations continue to be Waples et al. 2009 ). From the standpoint of freshwater habitat, a useful definition of resilience would vary with the physical or biological system of interest, the environmental context within which it operates, and the spatial and temporal scales under consideration (e.g., Gunderson 2000) . Accordingly, a singular definition of resilience for Pacific salmon is perhaps less important from a habitat restoration standpoint than understanding how natural processes have been fundamentally altered by human activities and how those impacts can be reversed to promote salmon recovery.
We examine the importance of natural variability in resilience and the role of three factors that support the productivity of salmon in freshwater ecosystems: the capacity to recover, the diversity of habitats necessary to fulfill life history requirements, and ecological connectivity. Our focus is on a spatial scale that is often called "watershed" by restoration specialists (Bisson et al. 2008) , and that roughly corresponds to the term "landscape" as used by ecologists (Fausch et al. 2002 , Weins 2002 . Finally, we suggest how existing regulatory and management approaches can be retooled to incorporate natural variability in the development of habitat recovery strategies for Pacific salmon.
NATURAL VARIABILITY AND SALMON RESILIENCE
Salmon populations are highly variable in space and time, and this variability reflects the influences of the highly dynamic environment in which these species evolved (Waples et al. 2008 ) and that they presently occupy. When annual records several decades long exist, it is not uncommon to observe temporal variability of one to two orders of magnitude in the abundance of a population ( Fig.  1 ). Over multiple decades the signature of climatic cycles begins to appear in patterns of population abundance, with periods of relatively high and low productivity corresponding to broad shifts in the pattern of ocean currents and nutrient upwelling along the Pacific coast (Mantua et al. 1997) . Our interest here is on variability over a time frame of years to decades and at the spatial scale of watersheds (Reeves et al. 1995 , Rieman et al. 2006 .
Managing for resilience in an environment in which ESUs are at risk of extinction will require decisions about habitat that are by necessity relatively short term and geographically focused. These spatial and temporal scales are small relative tothe distribution and persistence of Pacific salmon as a whole (Waples et al. 2008 ), but they are very important for developing management strategies that promote the resilience of ESUs. In addition to temporal trends and cycles, much recent work has emphasized the importance of acute disturbances resulting from events such as wildfire Clayton 1997, Dunham et al. 2007 ), volcanism (Bisson et al. 2005) , and earthquakes (Hastings 2005) . Finally, it is important to note that natural variation is expressed differentially over time and space, because watersheds differ in climate, landform, and vegetation, all of which are factors that mediate disturbance and the specific processes that form and maintain freshwater habitat for Pacific salmon (Montgomery 1999 , Benda et al. 2004 ).
Spatial and temporal variability in physical processes is complemented by a remarkable diversity of anadromous life histories in Pacific salmon (Groot and Margolis 1991) . For example, some species spend only a few days in fresh water prior to seaward migration, and others spend one or more years in a variety of freshwater environments before migration. Life histories can vary along broad environmental gradients such as from north to south or coastal to interior, and also by sex because males and females face different selective pressures (Groot and Margolis 1991 , Hendry and Steams 2003 , Quinn 2005 . In populations having extended freshwater residence, multiple life history patterns may exist, but only one or two of them may be favored at any point in time. These may include both anadromous and fully freshwater life histories within the same breeding population (Jonsson and Jonsson 1993) . Evolutionary requirements of survival, growth, and reproduction govern the development of life history patterns (Northcote 1978, Hendry and Steams 2003) , but environmental variability leads to certain strategies having better success than others at different times and places. The result is the remarkable variety of life histories we observe in salmon.
This can be illustrated through case studies that show how natural spatial and temporal variability in physical processes and Pacific salmon interact in nature. An often-cited example is provided by Bristol Bay sockeye salmon, whose freshwater habitat remains relatively pristine (Hilborn et al. 2003) . For more than a century the relative abundance of sockeye in three major Bristol Bay drainage systems has shifted, with the N aknek- Kvichak and Nushagak drainages producing the majority of fish prior to about 1975, and the Egegik system contributing proportionately more sockeye to the fishery after 1975 (Fig. 2 , top right). Productivity declines in the former two drainages have been largely offset by the increased productivity of the latter watershed. A comparison ofthe number of recruits per spawner (Fig. 2 , bottom left) reveals that variation in survival among lake systems has been asynchronous, with some sockeye populations experiencing high survival while others experienced poor survival. Even at the scale of individual populations there has been a shift in favored life histories, with the relative abundance of river-and creek-spawning adults gradually increasing over the past 40 yr at the expense of spawning along lake beaches in the Lake Illiamna system. Hilborn et al. (2003) concluded, "It appears that the resilience of Bristol Bay sockeye is due in large part to the maintenance of all of the diverse life history strategies and geographic locations that comprise the stock. At different times, different geographic regions and different life history strategies have been the major producers."
A second example of the effects of natural variability on Pacific salmon comes from studies of coastal Oregon streams that have experienced infrequent natural disturbances, e.g., wildfires followed by large inputs of sediment and wood from landslides. In these systems, postdisturbance cycles of sediment accumulation and subsequent flushing from watersheds influence habitat diversity, with complex habitats occurring when coarse sediment and large wood are abundant and simplified habitats occurring when these materials are scarce (Reeves et al. 1995) . Channels with complex habitat conditions support a greater diversity of salrnonid species (Reeves et al. 1993 ). Reeves et al. (1995) hypothesized that, in relatively small streams, the cycle of sudden filling and http://www .ecologyandsocictv,org/vol 14/iss 1/art45/ gradual emptying of wood and sediment may occur on a time scale of several hundred years. This longterm dynamic of aquatic habitat following disturbances was modeled by Benda et al. (2004) based on existing sediment budgets and evidence of natural disturbance frequency for coastal salmon streams. They found distinctive sediment loading patterns for channels within a drainage network ( Fig. 3 ). Although headwater streams experience infrequent sediment-related disturbances, the relative magnitude of the disturbance events is high.
Disturbance frequency increases downstream in the drainage network, but the relative magnitude of the sediment change is attenuated. That is, the natural disturbance regime of headwater streams is typified by infrequent but very large, channel-altering events, whereas lowland streams, which integrate the cumulative effects of disturbances over a larger area, tend to be characterized by more frequent disturbances producing fewer changes in habitat features. Fig. 3 . Sediment loading regimes in small, medium, and large channels over approximately 125 yr (modified from Benda et al. 2004 ). The smaller graphs at each location show the frequency distribution of sediment depths over the period of simulation.
The examples above show how spatial variability in natural processes can strongly influence the productivity of Pacific salmon over time, as observed when data are available or inferred indirectly from cycles of habitat suitability. These examples also point to the importance oflife history variability to the resilience of salmon ids in dynamic environments (Rieman and Dunham 2000) . Evidence from this work suggests three important elements necessary for resilience of Pacific salmon in fresh water: (1) the capacity to recover, (2) the diversity of habitats necessary to support the range of salmon life histories, and (3) connectivity.
Capacity to recover
The resilience of Pacific salmon is influenced by watershed processes that supply structural components of the aquatic environment such as coarse sediment and large wood, as well as those that support the transfer of energy and nutrients through aquatic food webs. These processes are linked to riparian forests and to forests in upland portions of the watershed that may erode and contribute large trees and coarse sediment to streams. Considerable regulatory attention has been given to riparian forest protection, largely to preserve trees for stream shading and stream-bank stabilization and as future sources oflarge wood for fish habitat (Bisson et al. 2006) . Contemporary forest practices typically restrict harvest in riparian zones but are often less focused on the importance http://www.ecologyandsocicty.org/vol14/iss1/art45/ of wood recruitment from uplands. In some locations, wood recruited to channels from landslides can constitute a significant portion of the wood load in the stream network (May and Gresswell 2003) , and redistribution of hillslopederived wood through fluvial transport is an important process in habitat formation downstream (Benda et al. 2003) .
Resilience in Pacific salmon is also tied to the recovery of aquatic and riparian food webs Bilby 1998, Naiman et al, 2002) . For example, some proj ects have attempted to improve freshwater productivity by placing salmon carcasses in streams to restore an important annual source of marinederived nutrients in areas in which salmon runs are depleted (Stockner 2003 , Wilzbach et al. 2005 . Managing tree species composition in riparian zones can also influence aquatic food webs. For example, conifers in riparian zones may be important contributors of large wood (see above), but smaller deciduous species such as nitrogenfixing alders (Alnus spp.) can deliver more energy and nutrients to streams (Karlsson et al. 2005) . Most efforts to improve food-web productivity for salmon are based on the assumption that trophic support from lower to higher consumer levels, with salmon as apex predators, is important. However, in many aquatic ecosystems, consumer-regulated, i.e., topdown, food-web dynamics have received inadequate attention (Power and Dietrich 2002) . In Pacific salmon streams and lakes, other top predators are often present, and even terrestrial consumers may play an important role in regulating food-web dynamics (Baxter et al. 2005) . A better understanding of the processes influencing the food webs of the aquatic ecosystems that support Pacific salmon is needed, because food resources and the presence of competitors and predators will exert a strong influence on population resilience.
Habitat diversity
The examples of sockeye salmon resilience, in Bristol Bay (Hilborn et al. 2003) and the dynamics of disturbance and freshwater habitats in the Oregon Coast Range (Reeves et al. 1995 , Benda etal. 2004 highlight the influence of network dynamics on salmon life histories. Other spatial considerations influencing habitat diversity and resilience have been identified, including habitat complementation, neighborhood effects, habitat supplementation, and source-sink dynamics (Schlosser 1995 , Dunning et al. 2002 , all of which appear to be important for understanding how Pacific salmon respond to dynamic freshwater environments.
Pacific salmon can require many different habitats in fresh water (Groot and Margolis 1991) , including those used for egg incubation, juvenile rearing, and migration of adults (Kocik and Ferreri 1998, White and . In some cases, the value of a particular location may not be obvious, as in the case of localized thermal refugia (Torgersen et al. 1999 or the use of ephemeral streams (Wigington et al. 2006) . Neighborhood effects may also be important; for example, the use of a specific location may be related more to the use of nearby habitats than to the characteristics of the habitat itself (Isaak et al. 2007, Mull and Wilzbach 2007) .
Habitat supplementation refers to redundancy in terms of multiple habitats that can provide the same function for fish (Moyle and Sato 1991 , Schlosser 1995 . The importance of supplementation was illustrated in the recovery of Pacific salmon in the wake of the Mt. St. Helens eruption (Leider 1989 , Bisson et al. 2005 , when salmon occupied alternative habitats after historically used habitats were temporarily destroyed. At a larger spatial extent, metapopulation dynamics such as sourcesink relationships may be important factors in habitat use (Schtickzelle and Quinn 2007) , but often the distinction between these and other spatial processes such as those described above is unclear (Rieman and Dunham 2000) . In a general sense, however, habitat diversity appears to be essential for supporting Pacific salmon. Understanding more specifically how watershed processes influence population resilience and expression oflife histories remains an important information need.
Connectivity
The role of physical and biotic connectivity in freshwater ecosystems is widely acknowledged to be essential for maintaining habitat dynamics and species responses (Lowe et al. 2006) . For Pacific salmon, the importance of movement to fulfill lifecycle requirements is a hallmark of the species' biology. In fresh water, connectivity includes migratory pathways along rivers and their tributary systems as well as unimpeded lateral connections between main channels, secondary channels, and floodplains. Ecological connectivity is similarly critical for processes essential to the function of freshwater ecosystems, including a wide variety of Ecology and Society 14(1): 45 http://www.ecologyandsociety.org/vol14/iss1/art45/ complex aquatic and terrestrial interactions that to an idealized condition could result in the loss of regulate channel dynamics, food webs, and water the complexity necessary to support various quality (e.g., Naiman and Bilby 1998, Power and freshwater life-history stages of salmon and other Dietrich 2002). Riparian forests on valley floors and aquatic organisms. This is not to argue that on alluvial terraces adjacent to stream channels play bioengineering has no place in the management an important role in the dynamics of the water table toolbox. Engineered habitats may be needed to beneath and adjacent to streams, in moderating protect other aquatic and terrestrial resources, or to discharge during flow extremes, in controlling the replace certain habitat types that have been concentration of soluble nutrients, in mediating the irretrievably lost or substantially altered by human seasonal input of organic matter and terrestrial food activity. However, projects whose principal items to aquatic ecosystems, and in regulating objective is to create permanent habitat structures microclimate (Naiman et al. 2005, Richardson et al. thought to be optimum for salmon will probably 2005). Removing barriers to movement and address only a limited portion of the habitat needs improving natural linkages between terrestrial and throughout the life cycle ofthe target species (Sedell aquatic ecosystem processes to re-create normative and Beschta 1991), and in any case are likely to riverine conditions has become an important require frequent, expensive maintenance. conceptual foundation for salmon restoration programs (Williams et al. 2006) .
Another way in which management policies have attempted to optimize aquatic habitats has been through the imposition of fixed environmental NATURAL VARIABILITY AND standards (Bisson et al. 1997) . Many standards MANAGEMENT STRATEGIES began as hazard thresholds that were codified into federal and state water-quality laws after passage of In a management context, the idea of protecting or the Clean Water Act and various state-level landrestoring natural processes appeals to conventional and water-use laws (Poole et al. 2004 ). The putative wisdom. Many view the importance of natural thresholds represented conditions beyond which processes as self-evident because Pacific salmon further anthropogenic habitat degradation would were much more abundant historically than they are lead to direct or indirect harm to aquatic life. When today. In spite of this, habitat managers have not the first salmon populations were listed under the been able to fully implement the concept of Endangered Species Act, environmental standards protecting and restoring natural processes in fresh started to shift from hazard thresholds beyond which water. We believe this is because of several factors, survival and reproduction declined to habitat targets including the unrealistic expectation that habitat that were believed to represent optimum or nearcapacity should be constant and productive over optimum conditions. time, the imposition of standards and regulations that ignore natural variability, mismatches between An example of the new emphasis was a matrix of restoration actions and the scale over which natural pathways and indicators developed by the National processes operate, and the challenges posed by Marine Fisheries Service to assess the functioning unavoidable environmental trends.
of streams and their watersheds as a tool for salmon recovery planning (National Marine Fisheries Service 1999). The matrix identified numerical
Habitat optimization
habitat targets, such as the number of pieces oflarge wood per unit length of stream, which were The notion that there is a certain suite of habitat considered necessary for a productive ecosystem. conditions that are optimal for salmon owes its However, as pointed out by several of this agency's genesis in part to studies of fish in pristine own scientists, the validity of the relationships watersheds with old-growth forests (Reeves and between many of the parameters in the matrix and Bisson 2008) . We are aware of no evidence salmon populations remain unverified (Good et al. supporting the notion that a single optimum habitat 2003) . These authors argued against co-opting a tool configuration exists that will sustain maximum from the regulatory realm for use in recovery freshwater salmon production, or that such an ideal planning. state could even persist in dynamic environments. From a management standpoint, the risk is that Using fixed habitat standards as environmental attempting to engineer aquatic habitats to conform targets potentially diminishes the range of http://www.ecologyandsociety.org/yol14/iss1/art45/ conditions that occur in a watershed, resulting in a development of a large patchwork of environmental loss of habitat diversity. We illustrate this with discontinuities. Environmental laws regulating conceptual diagrams in Fig. 4 . The natural range of human activities in and around aquatic ecosystems a particular habitat feature, e.g., large wood vary according to type of ownership and abundance, is illustrated in the upper left graph, in predominant land use (National Research Council which the distribution of values for that feature in a 1996). Protection requirements for riparian zones, largely pristine watershed might approximate abell-for example, differ when forestry rather than shaped curve with a relatively wide range (e.g., see agriculture is the major land use. Even within a Fox2001). A watershed that has been highly altered particular type of land use, aquatic and riparian by human activity or a severe environmental protection standards vary according to whether a disturbance (Fig. 4, upper right) is likely to possess site is on federal, state, or private property. a strongly skewed distribution for the same feature, reflecting a large number of locations in the The application of different environmental watershed in which the abundance of that particular protection policies results in an uneven level of habitat element has changed in response to a variety concern for many of the factors important to habitat of anthropogenic and natural factors. The resiliency. In some watersheds, the importance of imposition of a fixed habitat standard essentially riparian forests and floodplains for sustaining forces a universal target on the system (Fig. 4, lower resilient salmon habitats is acknowledged left). Although the target matches the median state explicitly, but in other areas rivers are treated as of the habitat element in the pristine watershed, little more than conduits for water, and the management actions will attempt to restore depleted inundation of floodplains may be actively resisted. areas to the target state and will allow locations with Nearlyall salmon populations spawn and rear in an abundance ofthe element to dwindle to the same watersheds with multiple ownerships, and variation target level. The median will be restored, but the in the level of environmental protection is range of conditions will be truncated. Fully problematic if critical habitat requirements are not recovering the natural range of states of the habitat satisfied. element in an altered watershed (Fig. 4, lower right) requires management actions that facilitate
The Coastal Landscape Analysis and Modeling restoration of both the median and environmental Study, an analysis of vegetation conditions in extremes; otherwise, habitat diversity will be lost western Oregon under different land-use scenarios, (Poole et al. 2004) .
provides an example of current land-use fragmentation (Spies et al. 2007 ). In Fig. 5 , the The focus on narrow enviromnental thresholds can distribution of federal, state, and industrial and come at the expense of recognizing the ecological nonindustrial private forest lands, as well as lands processes that create and maintain the freshwater classified as nonforested with predominantly habitats of Pacific salmon (Beechie and Bolton agricultural and other uses, is plotted to show the 1999) and the ecological context in which they fragmented pattern that emerges at the regional evolved (Frissell et al. 1997) . Holling and Meffe scale. Federally managed forest lands conform to (1996) referred to the setting of fixed environmental the most stringent aquatic protection requirements, thresholds as an example of a "command and control followed by state forests, private industrial forests, approach" to natural resource management. This private nonindustrial forests, and finally nonforested approach fails when it is applied to systems that are lands. Many of the most important sites for salmon complex, nonlinear, and poorly understood, such as production are located in the lowland areas that watersheds containing the habitat of Pacific salmon, receive the least riparian protection (Burnett et al. and it leads to continued loss of resiliency (Dale et 2007 , Spies et al. 2007 . Exposing the populations al. 2000, Rieman et aI2006).
that inhabit them to continuing habitat degradation will lead to a gradual loss of resiliency, even if headwater areas are well protected. Inconsistent legal requirements Whereas many regulatory requirements and managementpracticescanpromotethe homogenization of habitats within networks, at a regional scale inconsistent legal requirements can lead to the Ecology and Society 14(1): 45 http://www.ecologyandsociety.org/vol14/issl/art45/ Fig. 4 . Hypothetical frequency distribution of a habitat element in a pristine watershed (upper left), a highly altered watershed (upper right), a watershed in which a fixed habitat standard has been applied (lower left), and a watershed in which the emphasis has been to restore both the median and natural range of conditions (lower right). The curves represent the distribution of values such as abundance, concentration, or some other metric at various locations throughout the watershed.
FUTURE TRENDS IN NATURAL Climate change VARIABILITY
Climate change is now accepted as a widespread The importance of natural variability to the threat to freshwater ecosystems (Poff et al. 2002 ) resilience of Pacific salmon is intuitively appealing and particularly to Pacific salmon (Mote etal. 2003) . and supported by a growing body of evidence. At A recent review of the effects of climate change on the same time it is clear that changes acting on salmon in the Columbia River Basin (ISAB 2007) freshwater ecosystems fundamentally alter watershed summarized the probable consequences along the processes and variability. Among the many Pacific coast of North America, including: (1) important factors are increased urbanization (Guzy warmer air temperatures resulting in more et al. 2008), contaminants (Johnson et al. 2007, precipitation falling as rain rather than snow, (2) Landers et al. 2008) , climate change, and invasions diminished snow pack and altered timing of stream of non-native species. Here we focus on the impacts flows, (3) increased peak flows in streams, and (4) of the latter two changes, because these potentially increases in water temperatures. Not all of these affect the natural processes discussed in this paper anticipated trends are necessarily harmful to aquatic over broad scales.
habitat, and many pale in comparison to other anthropogenic factors, but they do have implications for salmon resilience. Invasions of non-native species maintaining the resilience of Pacific salmon (e.g., ISAB2007). Perhaps the most obvious management Many of the more notorious invasive aquatic strategy to strengthen resilience in the face of invertebrates in North America, such as the New climate change is to maintain as much water as Zealand mudsnail (Potamopyrgus antipodarum) possible in streams and lakes during periods of low and the zebra and quagga mussels (Dreissena sp.), flow. Decreased summer low flows may diminish have made minor inroads into Pacific salmon the network of perennial streams, requiring fish to streams but are generally not believed to limit occupy smaller and less diverse habitats (Battin et recovery potential at present. Given the likelihood al. 2006). Lower stream flows during summer may that these species or others yet unknown may invade also result in stressful maximum temperatures for watersheds supporting salmon, it is critical to adopt Pacific salmon, including migrating adults prior to a forward-thinking approach that restores or spawning. The maintenance or restoration of natural maintains natural variability to benefit native processes that moderate stream temperatures, such species and discourage future invasions. Preventing as promoting the recovery of natural riparian invasions and eradicating established non-native vegetation or eliminating water withdrawals from species presents significant challenges to aquatic hyporheic channels (Beschta et al. 1987) , may ecologists. Minimizing or reversing the conversion counter some of the. undesirable influences of of complex riverine habitats, i.e., geomorphic ally climate change. During the winter, increased diverse channels with riparian zones containing flooding may create societal pressure to prevent natural plant communities, to simplified environments, damage to homes and infrastructure and isolate i.e., straightened channels with a reduced riparian rivers from their floodplains, but such actions often zone, often isolated from the floodplain, should help run counter to the objective of maintaining curb the incidence of invasion. This is likely because floodplain processes and aquatic habitat diversity (1) robust assemblages of native fishes may be better (Greene et al. 2005 ). Accordingly, assessments to able to resist non-native invaders than native fish determine where flooding can be allowed in a communities whose populations are depleted and watershed and, in particular, where flooding will
(2) unnatural alteration of aquatic and riparian reconnect the river with floodplain habitats are of conditions may, by chance, highly favor some direct importance to salmon (Hulse and Gregory exotic species. We view the potential success or 2004).
failure of non-native species invasions to be strongly influenced by natural environmental Climate change is often accompanied by the variability and the presence of conditions that increased threat of invasions by non-native species, benefit native species. which may be well adapted to climate-mediated change (Moyle and Light 1996, Rahel and Olden 2008) . In some large rivers in the Pacific Northwest, CON CL USIONS non-native species have come to dominate fish assemblages, e.g., in the Columbia River (Li et al.
The conceptual basis of aquatic ecosystem science 1987), and have largely replaced the role of native is shifting from an equilibrium perspective to one fishes within riverine food webs. Most non-native that recognizes dynamic nonequilibrium conditions fishes have been deliberately introduced for and natural variability (Naiman et al. 1992 , recreational angling. Equally pervasive, but Wellington et al. 2005 . For example, restoration somewhat less studied, has been the invasion of programs in coastal estuaries inhabited by Pacific riparian areas by non-native trees and shrubs salmon often acknowledge the importance of re- (Heckman 1999 , Boersma et al. 2006 ). Very little establishing dynamic physical and biological is known of the effects of invasive riparian plants processes (Simenstad and Cordell 2000) . We on the water quality and physical habitat of streams believe that a dynamic view of aquatic ecosystems inhabited by Pacific salmon. Moreover, the effects requires an increased appreciation of infrequent but of exotic riparian plants on the contribution of large events such as physical disturbances, e.g., terrestrial organic materials to aquatic ecosystems storms, fires, and floods, that create and maintain have rarely been studied.
habitats (Reevesetal. 1995 ,Benda and Dunn 1997 , Poff et al. 1997 ). This perspective recognizes disturbance and successional processes that do not occur in an orderly or predictable manner (Pahl-Wostl 1995) . Within an area affected by a natural disturbance, several transitional states may be expressed over time, such that the timing or duration of any particular state may be difficult to predict (Wondzell et al. 2007 ). Succession from one state to another can occur slowly in response to geomorphic adjustments, e.g., elevation change by an earthquake, or more rapidly in response to large, infrequent events such as floods, fires, and landslides. The signature and legacy ofthese events can influence local conditions for long time periods (Foster et al. 1998) . Stream conditions can be viewed as transitory, reflecting local spatial controls, past natural disturbance, and land-use impacts.
Management of the freshwater habitat of Pacific salmon should focus on natural processes and variability rather than attempt to maintain or engineer a desired set of conditions through time (Lugo et al. 1999 , Dale et al. 2000 . This does not imply that we should attempt to re-create or reestablish completely pristine conditions everywhere, which would simply not be possible. When applied to the management of aquatic ecosystems, the concept of resilience requires us to abandon the idea that any water body not conforming to an idealized notion of optimum habitat needs to be fixed. From this new perspective, resource managers must examine variability in current aquatic conditions and .establish the large-scale spatial and temporal context of a watershed, historical changes in the system, and potential threats and expectations. The fundamental idea is to characterize variation in natural processes within stream networks and ask where we are, where we want to go, and how we get there in the context of restoring a natural range of habitat conditions for Pacific salmon.
The first step in developing such strategies will be to establish environmental targets that are compatible with natural disturbance and recovery processes. This will include a careful examination of long-term environmental data from nearby areas that are relatively pristine or have been minimally developed, because this information will help set the constraints on what will be possible from a habitat recovery standpoint. The second step will be to assess the current and potential threats to the reestablishment of complex natural habitats. Some of these threats may be addressed by restoration programs, but others, for various reasons, will not, and these will also constrain what is possible. The third step will be to determine if the planning area is sufficiently large to achieve the three criteria for habitat resilience: (1) the capacity to recover from disturbances without intervention, (2) a full range of habitats to support multiple salmon life histories, and (3) ecological connectivity; if so, it will also be necessary to determine when and where restoration techniques should be applied to help maintain these criteria. By performing these steps we can begin to incorporate resilience considerations into habitat management and improve our chances of successfully rehabilitating watersheds for Pacific salmon.
